Objective: At this moment, no risk stratification models are available for adult congenital cardiac surgery. This study aims to identify a suitable stratification tool for the adult congenital heart surgery population. Pediatric congenital cardiac surgery score models were therefore tested in an adult congenital population. In addition, an age component was added to these models and performance was compared with the original score systems. Methods: The Risk Adjustment in Congenital Heart Surgery (RACHS-1), Basic Aristotle Score, Society of Thoracic Surgeons (STS)-European Association for Cardiothoracic Surgery (EACTS) Score and Comprehensive Aristotle Score were calculated for all adult patients who underwent congenital cardiac surgery between January 1990 and January 2007 in a single center (N = 963). In addition, an age component was added to these models. Discrimination was then tested for all models with and without the age component. Results: Application of the original pediatric risk scores resulted in c-statistics for 30-day mortality of 0.60, 0.60, 0.60, and 0.66 respectively. Combining these models with the age component resulted in significantly higher c-statistics of 0.69, 0.70, 0.69, and 0.76 respectively. Age as a sole predictor already resulted in a cstatistic of 0.67. Comparable results were found for 1-year mortality. Conclusions: The discriminatory power of the pediatric risk scores was suboptimal, but increased when adding age as a score component. The best performance was achieved by the combination of age and the Comprehensive Aristotle Score, for both 30-day and 1-year mortality. #
Introduction
Risk stratification models play an important role in outcome assessment. With increasing numbers of adult congenital surgery patients, a proper risk stratification tool should therefore be available for this heterogeneous and often complex patient group. At this moment, however, no model is available for this population.
For pediatric congenital heart surgery, two important risk stratification scores are available.
In 2002, the Risk Adjustment in Congenital Heart Surgery (RACHS-1) system was published [1] . This score provides six risk categories based upon the procedure complexity. A comparable approach was published in 2004: the Aristotle Score [2] . This score assigns points to each procedure type based upon mortality, morbidity, and technical difficulty. Points for this Basic Aristotle Score range from 1.5 to 15. In addition, the Comprehensive Aristotle Score was presented. Ten extra points can be scored based upon several proceduredependent and procedure-independent variables.
Both the RACHS-1 system and the Aristotle Score rely heavily upon expert opinion, but have previously been validated with good results in pediatric congenital populations [3] [4] [5] [6] [7] .
In 2009, a new score based upon 77 294 procedures from the Society of Thoracic Surgeons (STS) and European Association for Cardiothoracic Surgery (EACTS) congenital databases was presented as an alternative to the RACHS-1 system and the Aristotle Score [8] . The main advantage of this STS-EACTS Congenital Heart Surgery Mortality Score (ranging from 0.1 to 5.0 points) is that it was developed using data instead of expert opinion.
For adult cardiac surgery, a variety of risk stratification models are available [9] [10] [11] [12] . Although based upon a majority of coronary surgery patients, the European System for Cardiac Operative Risk Evaluation (EuroSCORE) is still a widely used risk stratification model for all types of cardiac surgery, often including adult congenital procedures [9] . However, the EuroSCORE was already identified as a lesssuitable stratification tool for mortality after adult congenital surgery [13] .
While the EuroSCORE does contain age as a model variable, this variable assigns additional risk to patients over 60 years only [14] . The Basic Aristotle, RACHS-1, and STS-EACTS Score systems do not contain any age-related variables suitable for an adult population [1, 2, 8] . The Comprehensive Aristotle Score, for example, contains prematurity as an age-related risk factor [2] . A logistic regression model provided by the RACHS-1 developers includes age below 1 month as a model variable [1] .
As age is generally considered as an important risk factor in cardiac surgery, adding an age component to these congenital scoring systems might improve their performance in an adult population.
This study aims to identify a suitable stratification tool for the adult congenital heart surgery population. The discriminatory performance of pediatric congenital score models was therefore tested in a single-center adult congenital surgery population. In addition, an age component was added to these models and performance was compared with the original score systems.
Materials and methods

Data
All adult (age 18 years and older at the time of surgery) patients who underwent congenital cardiac surgery in the Erasmus University Medical Center between January 1990 and January 2007 were included in this study (N = 963).
Mean patient age was 39.3 AE 15.5 years, with a median of 36 years and a range between 18.0 and 85.5 years. Detailed patient and procedural characteristics were previously described by Putman and colleagues [13] .
The dependent variables in this study are 30-day and 1-year mortality, regardless of patient location. Thirty-day mortality was 1.5% (N = 14), and 1-year mortality was 2.7% (N = 26).
Score application
The RACHS-1, Basic Aristotle Score, STS-EACTS Score and Comprehensive Aristotle Score were calculated for each patient. In addition, an age component was added to these scores. Table 1 provides the distribution of age and corresponding points (range 1-5). To allow for an equal contribution to the combined scores, the age component was multiplied by a factor 0.6 for the RACHS-1 System, 1.5 for the Basic Aristotle Score, 0.5 for the STS-EACTS Score, and 2.5 for the Comprehensive Aristotle Score. As a result, the original score-age component ratio is 2:1 for all combined scores.
The EuroSCORE was calculated in a previous study based upon the same population [13] .
Statistical analysis
Continuous data are presented as mean AE 1 standard deviation, and median with range. Categorical data are presented as proportions.
To evaluate the performance of the risk scores, performance was tested by the assessment of discrimination only. Calibration was not assessed in this population.
Discriminatory power was assessed using the c-index (area under the receiver operating characteristic curve) with 95% confidence limits (CI). A c-index of 1.0 would indicate perfect discrimination, whereas a c-index of 0.50 indicates total absence of discrimination. A value between these extremes is the quantitative measure of a model's ability to distinguish between survivors and nonsurvivors. To demonstrate significant differences between c-indices, a bootstrapping cycle of 2000 runs was performed [15] . Tests between c-indices were two-sided with p < 0.05 considered to be a significant difference.
R version 2.9.0 (R Foundation for Statistical Computing, Vienna, Austria) was used for bootstrapping, all other statistical analyses were performed with Statistical Package for Social Sciences (SPSS) version 16.0 (SPSS, Chicago, IL, USA).
Results
RACHS-1 distribution
The numbers of patients corresponding with each RACHS-1 risk category are presented in Table 2 . Please note that category 3 is, by far, the largest category, while no patients were assigned to category 5 or 6. Mean of the RACHS-1 is 2.1 AE 0.9, median 2 (range 1-4). In combination with age, mean is 3.6 AE 1.2, and median 3.6 (range 1.6-6).
Basic Aristotle Score distribution
Mean of the Basic Aristotle Score is 6.4 AE 2.3, median 6.5 (range 1.5-10.5). In combination with age, mean is 10.0 AE 2.8, median 10.3 (range 4.5-16.3). A more detailed distribution is presented in Table 3 . The complexity distribution is comparable to the RACHS-1 distribution; no patients are found in the most complex regions, while the majority of patients reside in the medium complexity regions. 
STS-EACTS Score distribution
Mean of the STS-EACTS Score is 0.5 AE 0.3, median 0.4 (range 0.1-2.1). In combination with age, mean is 1.7 AE 3.4, median 1.5 (range 0.6-4.2). A more detailed distribution is presented in Table 4 . As with the RACHS-1 and Basic Aristotle Score distributions, no patients are found in the most complex regions. Table 5 provides the incidence of the procedureindependent factors used by the Comprehensive Aristotle Score. Factors are scored according to the published Aristotle Score definitions, unless stated otherwise. Mean of the Comprehensive Aristotle Score is 7.6 AE 2.9, median 8.5 (range 3.0-20.5). In combination with age, mean is 13.8 AE 4.0, median 13.5 (range 5.5-30.0).
Comprehensive Aristotle Score distribution
Discriminatory performance
The discriminatory power of all score systems is presented in Table 6 . For the sake of clarity, results of the EuroSCORE model are included in this table as well.
Age as a single predictor for both end points already outperforms the logistic EuroSCORE, the RACHS-1 system, the Basic Aristotle Score, and the STS-EACTS Score (all p < 0.001).
Adding the age component to the Basic Aristotle Score or the Comprehensive Aristotle Score results in a c-index increase of 0.10, for both 30-day as well as 1-year mortality ( p < 0.001). The combination of age and the Basic Aristotle Score, RACHS-1 system, or STS-EACTS Score, however, shows a comparable discriminatory power as age alone.
The combination of age and the Comprehensive Aristotle Score had the highest discriminatory ability of all approaches ( p < 0.001 when compared to any other approach), in both 30-day as well as 1-year mortality.
Discussion
This study has tested the RACHS-1, Basic Aristotle Score, STS-EACTS Score, and Comprehensive Aristotle Score in an adult congenital population with suboptimal results in terms of discrimination.
Results were suboptimal for all score systems. When adding an age component to these scores, a significant increase was found in discriminatory power for all three models. c-indices for the Basic Aristotle Score and Comprehensive Aristotle Score increased by 0.10 when assessing 30-day mortality.
Combining the Comprehensive Aristotle Score and age resulted in the best discriminatory performance of all approaches ( p < 0.001).
Additional variables
Adding several variables to the RACHS-1 system, the Basic Aristotle Score or the STS-EACTS Score has previously been studied in pediatric populations and results in a better discriminatory performance for this patient group [8] . A logistic regression model provided by the RACHS-1 developers that includes the complexity score and a few other risk factors also showed an increased performance in their study population [1] . This model was not assessed in this study because the majority of variables in this model are present in pediatric patients only.
Including additional risk factors to the RACHS-1 model will likely improve results in an adult congenital population as well, comparable with the Comprehensive Aristotle Score.
Complexity of adult congenital surgery
As one can appreciate from Table 2 , RACHS-1 categories 4, 5, and 6 are not well represented. Although this effect can be seen in the higher Aristotle Score and STS-EACTS Score points as well, they offer a larger variety of risk categories. Procedures assigned to these higher RACHS-1 categories are obviously generally performed in childhood. This results in a suboptimal classification for adult congenital patients, possibly contributing to the limited performance of this score. A revision of these complexity-based categories might improve results. This also goes for the STS-EACTS Score.
Calibration
Calibration was not assessed in this study. For all pediatric scores included in this study, the risk of mortality corresponding with the resulting scores and categories has been reported, but these risks differ greatly from our adult population. These risks clearly depend on the selection of the reference data set. For example, it has been reported that in a specific pediatric data set, RACHS-1 categories 2 and 3 have a mortality of respectively 3.8% and 9.5%. As 30-day mortality in our study is 1.5% while most patients reside in categories 2 and 3, testing calibration is futile.
As this is a single-center study, no efforts have been made to construct score-mortality conversions and validate these conversions. Due to lower mortality rates, it is likely that all complexity-based scores developed for pediatric patients require recalibration when used in an adult congenital population [13, 16] .
Limitations
Limitations of this study are the single-center approach and the modest cohort size. Differences in patient selection and surgical skills may cause results to vary from those in other centers. For this reason, analyses are limited to validation of an existing model in combination with age; no new model was derived from this study cohort. For the sake of parsimony, the age component in this study consists of a linear relation between age and points, while in real life, a more exponential relation may be found.
Conclusions and recommendations
Although general applicability of results from this study remains undetermined, the encouraging results of the inclusion of age should incent the EACTS and STS database committees to explore these findings in a larger adult congenital population or -if necessary-to start collecting additional variables to enable such investigations. Furthermore, just like unification of the Aristotle Score and the RACHS-1 for pediatric purposes was suggested by those that developed them [17] , a combined effort for the adult congenital population might be considered as well.
A combination of procedure complexity and known adult surgery risk factors, including age and, for example, smoking history and preoperative renal dysfunction, will probably result in a well-performing risk stratification model for adult congenital heart surgery. Ideally, this model will truly be based upon an adult congenital heart surgery patient cohort. This way, risk factors that might be specific to adults with congenital heart disease, such as the number of repeat sternotomy, can be examined further [18] .
Until dedicated prediction models for adult congenital surgery are available, the simple combination of the Comprehensive Aristotle Score and age appears to be a promising risk stratification alternative in this population.
